The subduction of hydrated oceanic crust releases volatiles that weaken the plate boundary interface, trigger earthquakes, and regulate transient phenomena such as episodic tremor and slip (ETS). It is not clear how dehydration can separately induce earthquakes within the subducting plate and ETS, partly because few data exist on their relationship to subduction zone structures. We present results of a seismic experiment in the Washington Cascades, United States, that images a region producing both earthquake types. Migration of scattered teleseismic waves provides images of low-velocity subducting crust at depths <40-45 km with sharp
INTRODUCTION
As oceanic plates subduct, gabbroic crust metamorphoses to anhydrous eclogite. This process releases mineral-bound H 2 O and provides a fl uid source at depth, which has been implicated in the generation of earthquakes (Green and Houston, 1995; Hacker et al., 2003) , both regular intermediate-depth earthquakes (Kirby et al., 1996) and recently discovered slow earthquakes, including episodic tremor and slip (ETS) (Obara, 2002; Rogers and Dragert, 2003) . However, the two types of earthquakes differ in several ways (Ide et al., 2007) , so somehow conditions must differ between the regions that produce them.
In order to better understand the conditions in which these two earthquake types occur, we conducted a broadband seismic experiment in the Washington Cascades (Washington State, United States). ETS is well known in Cascadia, where slab temperatures are estimated to be among the hottest of any subduction zone (Oleskevich et al., 1999; van Keken et al., 2002) , and therefore slab dehydration is expected to occur at relatively shallow depths. Migration of scattered teleseismic waves has provided images of subducting crust elsewhere in Cascadia Nicholson et al., 2005) , and has revealed a major dehydration event at 40-45 km depth, where seismic velocities indicate that gabbroic crust disappears; this transition happens at greater depths in other, colder subduction zones (Rondenay et al., 2008) . The Washington transect analyzed here is one of the few parts of Cascadia showing both well-located ETS and intraslab earthquakes (i.e., earthquakes within the subducting plate; Kirby et al., 1996) , including some of the deepest and largest recorded in Cascadia ( Fig. 1) , making direct comparisons possible. We see evidence for a very sharp and inverted velocity step that we interpret as the top to the subduction interface, probably refl ecting weak subducting sediments or fl uid overpressures. Regular earthquakes are just below the subducting Moho. boundaries above and below it. The sharp upper boundary indicates a layer of weak sediment or an overpressured fault zone that terminates abruptly downdip at 40-45 km depth. Regular earthquakes are at the top of the mantle within the downgoing plate everywhere the plate is <95 km deep, but ETS only exists where the sharp upper boundary occurs. The ETS location supports models of slow slip that require near-lithostatic fl uid pressure, whereas regular earthquakes nucleate closer to the origin of metamorphic dehydration. Very low shear stresses on the plate boundary may limit seismicity to ETS and similar phenomena. 
DATA AND METHODS
The Cascadia Arrays For Earthscope (CAFE) experiment deployed 47 broadband seismometers from August 2006 to September 2008 ( Fig. 1) , supplemented by 32 additional broadband seismographs in the region (see the GSA Data Repository, Section A 1 ). We show three analyses of the fi rst 15 months of these data: migration of scattered teleseismic P coda, location of regular earthquakes, and location of tremor (Fig. 2) . The scattered wavefi eld is extracted from the teleseismic P coda and migrated in a manner that estimates the P and S velocity variations Rondenay et al., 2005) . Sharp gradients or discontinuities produce scattering, so the resulting images show the perturbations to the S velocity fi eld, dVs/Vs, in a manner that highlights sharp boundaries such as that expected between gabbroic oceanic crust and surrounding peridotitic mantle (Fig. 2B ). These data also allow construction of a rare image from P-to-P scattering that constrains variations in P-wave velocity, dVp/Vp (Fig. 2C ). Although lower in resolution, as expected, the P image shows independent confi rmation of the main structures. Migration has been repeated over a range of weighting schemes and projection azimuths to optimize the image, and within a series of one-dimensional velocity models (MacKenzie, 2008) .
Earthquakes are relocated from arrival times determined at the same stations and in the same reference velocity models as those used for migration. Tremors are located using the same model and an automatic envelope correlation method (Wech and Creager, 2008) . The relocated earthquakes have local magnitudes ranging from 1.1 to 3.2.
IMAGE OF THE SUBDUCTING PLATE
A dipping low-velocity zone dominates the S-wave image at depths of 20-45 km and within 110 km of the coast, outlining the subducted crust of the Juan de Fuca plate (Fig. 2) . This layer has a thickness of 5 km at the coast, thickening slightly landward, and rapidly becoming weaker at 40-45 km depth and 110 km from the coast, similar to images obtained previously in Cascadia with this method Nicholson et al., 2005) . This and other Cascadia images show similar velocity contrasts of 10%-15% between the low-velocity layer and its surroundings. The velocities and changes at 40-45 km depth indicate that the principal conversion from basaltic crust to eclogite takes place near this depth (Bostock et al., 2002; Hacker et al., 2003; Rondenay et al., 2008) . The noisier P-wave image (Fig. 2C) shows similar features, but the sharp change at 40-45 km depth is less obvious. Unlike images from Vancouver (Nicholson et al., 2005) and Oregon Bostock et al., 2002) , the upper plate Moho is faint, a complication that is the subject of an ongoing study.
It is not clear why the low-velocity layer should show strong velocity contrasts at both its top and bottom boundaries at <45 km depth. The bottom boundary is explained as oceanic Moho; however, the overlying Cascadia forearc crust is likely composed of mafi c rocks of an Eocene accreted terrane (Parsons et al., 1999) , similar in bulk composition and seismic velocities to the subducting oceanic crust. Velocities probably increase rapidly with depth in the low-velocity layer, so that velocities in its uppermost part are much lower than those of overlying anhydrous gabbros. Stacks of observed receiver functions (the signals used to generate the migration images) resemble predictions calculated both for a simple low-velocity channel and for a channel with steep vertical gradient (Fig. 3) , but only the latter model allows both strong conversions and plausible velocities outside the lowvelocity layer (Data Repository, Section D).
Perhaps low velocities at the top of the lowvelocity layer represent metamorphosed subducted sediment. A sedimentary layer at least 3 km thick blankets the Juan de Fuca plate offshore at the trench (Flueh et al., 1998) , an unknown fraction of which bypasses the accretionary prism and would be just below the plate boundary. Metamorphosed sediments should have signifi cantly slower seismic velocities than gabbros. Alternatively, or in addition, velocities at the top of the plate could be reduced by fl uids in overpressured channels within or immediately below the plate interface (Audet et al., 2009) . Elevated fl uid pressures would arise from dehydration-produced fl uids migrating upward, encountering permeability barriers along the thrust zone.
To test these possibilities, the signals shown in Figure 3 are analyzed in detail and compared with predictions for candidate materials (Data Repository, Sections E, F, and G). If the lowvelocity zone is divided in two, and the lower layer resembles oceanic crust (7 km thick, P velocity Vp = 6.3-7.2 km/s), then the best-fi t upper layer is 2.5-5.5 km thick with Vp = 5.0 ± 0.3 km/s. These velocities are somewhat lower than expected for terrigenous metasediments, for which Vp averages 5.4-6.5 km/s, but prediction uncertainties and anisotropy effects in highly foliated mica schists can be large. Still, Vp of 5.0 km/s and high Vp/Vs ratios probably require some fl uids to be present at high pressures to sustain porosity. Less porosity would be needed to match observed velocities for a metasediment-dominated fault zone than a mafi c or ultramafi c one; the relationship depends heavily upon pore geometry. Regardless, no major reactions happen within metasediments at 40-45 km depth (Hacker, 2008) , so another process must change the velocity structure, indicating the importance of fl uids. Perhaps a permeability seal to the overpressured fault zone is disrupted here (Audet et al., 2009) .
The base of the low-velocity layer, probably the oceanic Moho, continues coherently to 80-90 km depth as a weak (4%-5%) discontinuity in dVs/Vs and to 65 km depth in dVp/ Vp. Anhydrous eclogite has seismic velocities indistinguishable from peridotite, so a discontinuity would not be expected once oceanic crust has fully eclogitized (Abers et al., 2006; Hacker et al., 2003) . The persistence of Moho suggests that the crust does not fully convert until 80-90 km depth here, although probably major garnetforming reactions occur shallower. For example, coarse-grained gabbro may persist metastably where fl uids are not available to catalyze reactions, and weakly hydrated assemblages such as zoisite-amphibole eclogite may be stable in mafi c rocks at this depth range and would have appropriate seismic velocities (Hacker et al., 2003) . Thus, the velocity step at 45-90 km depth is probably a consequence of metamorphic processes rather than fl uid pressures.
ETS AND DEHYDRATION
ETS has been well documented in northern Cascadia (Rogers and Dragert, 2003; Wech and Creager, 2008) , the main zone extending south to 47°N (Fig. 1) . Although tremor in Cascadia has been located at a wide range of depths using methods that rely upon waveform envelopes (Kao et al., 2005) , additional constraints from S minus P times indicate that Cascadia tremor comes from at or very near the plate interface (La Rocca et al., 2009 ). There is some dispute about the location of the plate interface, a zone of high refl ectivity 10-20 km above intraslab seismicity (the E refl ector), that has been interpreted as part of a shallower, thick plate boundary beneath Vancouver Island (e.g., Calvert et al., 2006) . Still, geodetic inversions (Rogers and Dragert, 2003) demonstrate that slow slip events in Cascadia are collocated in space and time with tremor and are on the plate interface, as do locations of low-frequency earthquakes in southern Japan (Shelly et al., 2006) , so it is reasonable to assume that the structure of the plate interface region controls the occurrence of ETS.
Tremor occurs only where subducted crust appears as a strong low-velocity channel (Fig. 2) . The downdip end of the tremor corresponds within 5 km to the downdip end of the strong low-velocity crustal anomaly, 110 km from the coast (Fig. 2) . Comparison with the imaging shows that tremor is localized to the region where the plate boundary is inferred to be a zone of overpressured dehydration-produced fl uids. A similar conclusion has been proposed for northern Cascadia (Audet et al., 2009) , and a region of low velocities and elevated Poisson's ratio is along the Nankai plate boundary where tremor has been observed (Kodaira et al., 2004) , also indicating elevated fl uid pressure. High fl uid pressures may be a prerequisite for nonvolcanic tremor; for example, dynamic friction models can produce episodic slip at observed periodicities if near-lithostatic pressures are present (Liu and Rice, 2007; Rubin, 2008) .
REGULAR INTRASLAB EARTHQUAKES
The Washington transect also includes abundant regular intraslab earthquakes. The deepest earthquakes anywhere in the Cascades are near 95 km depth north of the Mount Rainier volcano, and the three largest recorded intraslab earthquakes in Cascadia (magnitude 6.5-7) occurred within the transect and are within a few kilometers of the downdip termination of the lowvelocity layer and tremor (Fig. 2) . Here and elsewhere along the profi le, virtually all earthquakes are within a few kilometers of the Moho of the downgoing plate. Tests conducted by varying the P and S velocity models for both migration and earthquake location show that this relationship is robust (Data Repository, Section H; MacKenzie, 2008) . This result is somewhat similar to those seen previously in this region, where the earthquakes are below the subducting Moho where it is <50 km deep and above it at greater depth (Nicholson et al., 2005; Preston et al., 2003) , although here the deeper earthquakes still appear to be at or below the Moho. The pattern in southern Japan is similar (e.g., Shelly et al., 2006) , although other, colder subduction zones show intraslab seismicity within subducted crust (e.g., Abers et al., 2006; Nakajima et al., 2001 ).
EARTHQUAKES AND DEHYDRATION
The Juan de Fuca plate is young, ca. 10 Ma at the trench (Wilson, 2002) , and subducts slowly, <30 mm/yr in the downdip direction (McCaffrey et al., 2007) , making temperatures within the subducted crust among the hottest of any subduction zone (Rondenay et al., 2008) . Temperatures likely exceed the breakdown of most hydrous phases stable beyond 1.5 GPa (45 km depth) within mafi c rocks, although thermal models permit a thin (<5 km wide) region just below the Moho, where hydrated, chlorite-and potentially serpentine-bearing peridotite would be present (Hacker et al., 2003) . As the uppermost oceanic mantle dehydrates, critical reactions take place immediately below the subducting Moho, and these may trigger earthquakes. However, the relationship between intraslab seismicity and fl uids seems complex, since regular earthquakes do not occur at the plate interface where we infer high porosity and high fl uid pressures. This implies that reduction in effective normal stress alone does not trigger regular intraslab earthquakes, and in fact, very low sustained shear stress may be insuffi cient to drive them. Rather, some other aspect of the dehydration process must regulate earthquakes, as indicated by recent laboratory experiments that demonstrate the occurrence of faulting at the sites of dehydration even when volumes Figure 3 . Single-station receiver functions and simple models for stations <100 km from coast. Thin lines: radial-component signals stacked over events at back-azimuths west of array (180°-360°), plotted by distance from coastline. Signals subjected to 0.3 Hz low-pass Gaussian fi lters. Traces marked S1 and S2 are predictions for two models of low-velocity zone illustrated in inset; dotted line corresponds to simple low-velocity channel, and thick line has velocity gradient within layer to mimic sediments or free fl uids at top of subducting crust. Vp/Vs = 1.80 for case S1, and increases to 1.90-2.00 at top of case S2.
decrease during reaction, so overpressure would not be expected over large volumes (Jung et al., 2004) . Further experiments are needed to better understand these processes.
CONCLUSIONS
In summary, ETS and intraslab earthquakes occur near each other and seemingly associated with dehydration of subducting plates, but in distinctly different parts of the system. Unlike intraslab earthquakes, ETS occurs in a large, continuous fault zone where overpressured conditions are inferred, and where possibly high mechanical and permeability anisotropy may be present due to fault zone structure and rock fabrics. By contrast, intraslab dehydration does not obviously occur on well-established faults, but occurs where dehydration may be acting to lubricate or embrittle otherwise strong material, allowing large shear stresses to drive intraslab earthquakes.
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